INTRODUCTION
Laser stereolithography, a technique for creating threedimensional models from photopolymerisable resin hardened with a laser beam, denotes the 3D printing technology invented in Japan by Hideo Kodama in 1981 [1] . Developed commercially by 3D Systems Inc. in the USA, it has been widely exploited in the prototyping of automotive parts and industrial products. Latterly, industry has sought to dispense with prototyping to cut production costs and as a result the thrust of activity in laser stereolithography has shifted towards miniaturisation. To progress from conventional prototyping to the "additive manufacturing" of a practical model approximating the actual product, therefore, the properties of photopolymerisable resins were improved and highly functional photopolymerisable resin materials of enhanced mechanical strength, transparency and surface precision were created. This has meant that, with 3D printers now enjoying global attention, laser stereolithography is attracting interest as the most finely detailed 3D printing technology.
In particular, the technique known as two-photon micro stereolithography ("two-photon stereolithography") [2, 3] using a near-infrared femtosecond pulsed laser, as opposed to conventional stereolithography with an ultraviolet laser, allows the fabrication of complex 3D models at a 0.1 µm or narrower lithographic linewidth. Two-photon stereolithography, again a Japanese technology, was invented by Professor Suberu Kawata of Osaka University, whose original paper [2] first demonstrating two-photon stereolithography has been cited more than 1000 times. Two-photon stereolithography is developing into an ultrafine 3D printing technique widely deployed by researchers and technologists. More recently, research aimed at higher lithographic resolution has been keenly pursued [4] ; the most recently published work has demonstrated a lithographic resolution of 9 nm, two orders smaller than the laser wavelength, and the drive toward even higher resolution is accelerating [5] .
In addition to the fabrication of simple threedimensional ultrafine models, therefore, two-photon stereolithography is being investigated for industrial application to nano-and microstructures. Taking the field of fibre optic communications as an example, the technique has been used to fabricate microscopic, complex lattice structures known as photonic crystals, and to construct 3D connectors for optic fibre connections [6, 7] . In the mechanical engineering field, complex machine components with unique mechanical properties have been fabricated this way [8, 9] . The author's group has its sights set on application to lab on a chip devices that can reduce a chemical or biological cell analyser to palm size and has been developing highly functional micro fluidics devices including optically driven micropumps, micromixers and microtweezers [10] [11] [12] .
Studies have recently been undertaken to functionalise devices by applying after-treatments to resin structures fabricated by two-photon stereolithography. For example, stereo microelectronics devices [13] or high-efficiency optically driven micromachines [14, 15] are being developed in which the resin structure is metallised by electroless plating.
Fur thermore, as with conventional laser stereolithography, the photopolymerisable resin used in two-photon micro stereo lithography is itself being improved to develop functional photopolymerisable materials, and the pace of research on the fabrication of 3D functional structures with these has quickened. An example is the development of hybrid resins mixed with such nano-materials as magnetic nanoparticles or carbon nano tubes [16, 17] . Experimental microvalves using gels that swell according to pH have also been made [18] , as have drug delivery devices using biopolymers mixed with dye [19] . We are also developing a photopolymerisable resin material capable of forming 3D structures of amorphous carbon when the resin is carbonised by heat treatment [20] .
We are developing a microstereolithography-based 3D moulding technology as a way of fabricating threedimensional functional structures from various materials other than photopolymerisable resins [21] . This entails injecting a concentrated suspension of ceramic microparticles (a ceramic slurry) into a 3D resin mould made by microstereolithography, drying the slurry, and then burning off the resin to obtain the ceramic structure. Hence, the ultimate ceramic product can be formed from a variety of materials unconstrained by the photopolymerisable resin matrix material. We have so far made resin moulds using microstereo lithography and two-photon stereolithography with an ultraviolet laser and have successfully fabricated a three-dimensional fluid circuit made of silica [22] . We are also studying the fabrication of medical scaffolds made using bioceramics [23] and energy-harvesting devices using piezoelectric ceramics [24] .
Thus, alongside the development of functional devices applicable to photonics, MEMS and biosystems based on 3D micro/nanostructures formed by two-photon stereolitho graphy with photopolymerisable resins, post-processing technology for resin structures and photopolymerisable resins with novel functions are under active development, and the creation of novel functional devices using these is being explored. We are also engaged in the development and application of technology for fabricating three-dimensional ceramic structures with diverse ceramic materials using moulds fabricated by stereolithography.
This review surveys the principles and characteristics of two-photon stereolithography and recent developments in the technology. To illustrate work on the application of two-photon stereolithography, the lab on a chip we have developed using an optically driven micromachine is then reviewed, and micromachine replication with a silicone resin die is outlined. Lastly the review outlines the fabrication of functional devices comprising diverse ceramic materials using 3D resin moulds made by microstereo lithography, with studies of their application.
TWO-PHOTON MICROSTEREOLITHOGRAPHY

Principles and characteristics
The principle of two-photon stereolithography is depicted in Figure 1 . Instead of the single photon absorption with ultraviolet light used in conventional stereolithography, two-photon absorption from a near-infrared femtosecond pulsed laser beam having twice the wavelength of ultraviolet light is used to harden the liquid resin. Because the probability of two-photon absorption is proportional to the square of the light intensity, the cured shape is an ellipsoid ("voxel") with its long axis lying on the beam axis and is smaller than the focal spot ( Figure 1a ) [2, 3] . Hence, by scanning the laser in three dimensions inside the liquid resin, a three-dimensional microstructure can be fabricated with greater lithographic resolution than the optical diffraction limit (Figure 1b) . Figure 2 shows examples of the three-dimensional microstructures we have fabricated by two-photon stereolithography. The object on the left is a threedimensional microscale frame model created by scanning the laser beam through the liquid resin in three-dimensions. Hence, in contrast with conventional additive prototyping, the process not only layers a cross-sectional pattern unidirectionally, it shifts the focus in three-dimensions, allowing complete freedom of 3D modelling. Layer depth is accordingly very small and patterns can be formed with great precision. The model on the right in Figure 2 is a rabbit fabricated on hair. Three-dimensional microstructures can thus be additively fabricated at widely different locations, for example on a curved substrate, at the end of an optic fibre, or inside a fluid microchannel. Figure 3 shows examples of microscale moving parts fabricated on a glass substrate. Micromachines that have microscale moving parts integrated with a shaft can thus be fabricated as a complete package simply by laser scanning in a photopolymerisable resin [25] . This is a unique advantage of two-photon stereolithography. Conventional laser stereolithography has required a support structure in order to model moving parts; lithography-based micromachine fabrication processes have likewise required a supporting structure, known as a sacrificial layer. In twophoton stereolithography, on the other hand, the laser beam can be freely manoeuvred in three dimensions in the liquid resin, allowing fabrication to any desired three-dimensional geometry without recourse to a support.
Improving lithographic resolution and processing speed
Enhancements to two-photon stereolithography fabrication technology are now under active investigation worldwide, and great progress is being made in improving lithographic resolution and processing speed. The methods used to evaluate lithographic resolution inplane and in the depth direction include measurement of the hardened unit shape known as the voxel, shown in Figure 1a , and evaluation of the width of fine lines drawn on a substrate. Kawata et al. led the way by demonstrating a lithographic line width of 120 nm, which led to global recognition of the utility of two-photon stereolitho graphy [3] . With subsequent shortening in the wavelength of the light source and other advances, lithographic line widths have become increasingly finer [26] .
A number of nano-stereolithographic processes have recently been proposed [3] in which the resin is simultaneously exposed to both laser light that hardens the liquid resin and laser light that blocks the curing reaction, thus restricting the zone within which the liquid resin hardens and improving the lithographic resolution [3] . By exposing the resin to an additional inhibition laser that creates a doughnut ring shaped intensity distribution around the focal spot of the curing laser, this shrinks voxel size. For example, Wegener et al. have been developing a lithographic process using STED (stimulated emission depletion) that enhances the fluorescence microscope stereoresolution to several tens of nm, and have demonstrated a 65 nm line width [27] . Using a special dye as photopolymerisation initiator, Fourkas et al. have shown that photo polymerisation can be blocked with a continuous beam of the same length as the femtosecond pulsed laser that cures the liquid resin, and have demonstrated a lithographic line width of 40 nm in the depth direction [28] [4] . Provided the repro ducibility of the sub-10 nm line width is improved, the technique could be exploited as a lithography substitute. There is a prospect that if fabrication of three-dimensional micro/ nano-structures of high aspect ratio could be freely accomplished as well as two-dimensional writing, the process could be utilised as a manufacturing technology for the new three-dimensional micro/nano-devices classed as nanophotonics and metamaterials.
At the same time, improved processing speed is being keenly explored. For example, Li et al. have developed a photopolymerisation initiator of high efficiency and have achieved high speed writing at 80 nm/s, more than 2 orders faster than in conventional processes [29] . If even faster modelling becomes possible, the technology could be of use for mass production as well as for multi-line low volume production of complex threedimensional structures.
DEVELOPMENT OF LAB ON A CHIP DEVICE BY TWO-PHOTON MICROLITHOGRAPHY
Optically controlled lab on a chip
Applications for two-photon stereolithography are now undergoing intensive investigation. The chief applica tion studied may be listed as fabrication of next generation optically controlled devices employing three-dimensional models such as photonic crystals and 3D printed light guides. More recently, 3D medical scaffolds enabling cells to be arranged at a specified location with great three-dimensional precision are also being actively fabricated.
The author's group meanwhile has its sights on developing a highly functional lab on a chip based on two-photon stereo lithography. A lab on a chip is a microchemical analysis chip that performs chemical reactions and cell analyses using fluid microcircuits in glass or plastic. Microminiaturisation of the analyser offers the prospect of reduced reagent and sample sizes and an improved speed of analysis. However, the usual lab on a chip makes much use of simple fluid circuits in which only the channel or reaction site is greatly downscaled while fluid control elements such as pumps and valves are added externally. This places limits on the reduction of sample and reagent size, and the advent of a highly functional, inexpensive lab on a chip complete with onboard microscale pumps and valves has been awaited.
We have therefore proposed an "optically controlled lab on a chip" (Figure 4a ) whereby on-board micropumps and microtweezers inserted into the fluid microcircuit by two-photon stereolithography are remotely driven with laser beams to enable fluid control and biological sample analysis [28] . When a laser beam is focussed on a microscopic object, a force known as radiation pressure operates whenever the light is refracted or reflected. A micromachine in a fluid microcircuit is pulled towards the focal point of the laser beam, so that the micromachine can be freely actuated by manipulating the laser beam. This has been dubbed the "optical tweezer" principle and is widely exploited in manipulating cells and particles. Our lab on a chip applies the same principle to implement remote drive of the micromachine. A drive source such as microactuator within the chip is therefore unnecessary and since remote manipulation by laser is possible without electrical wiring or power supply, it is possible to realise an inexpensive, highly functional lab on a chip constructed entirely from resin. Figures 4b and c show examples of the micropumps we have developed. Figure 4b is a lobe type pump with two enmeshed rotors for transporting fluids; in this case the laser beam is time-shared, alternately illuminating the simultaneously rotating rotors [10] . We have also been developing a viscous pump which transports fluid or cells simply through rotation of a single minute disc within a U-shaped channel [11] . To improve the proposed pump, a high speed microrotor with two helical blades was developed, and a tandem micropump with two of the rotors on board as illustrated in Figure 4c has been demonstrated [12] . Pumps of this kind would be applicable to cell sorters for transporting cells.
Replication of micromachines using a silicone resin mould
Microscale moving parts such as the optically driven micropump noted above are fabricated directly by twophoton stereolithography. Although fabrication of a single unit thus takes only a few minutes, mass production in this way would take too long. We therefore established a technique for replicating micromachines by transfer moulding with a silicone resin [31] . Figure 5 outlines the method for replicating microscale moving parts using silicone resin. Using a three-dimensional resin model fabricated by two-photon stereolithography as the template, a mould replicating the 3D micro structure is constructed from polydimethy lsiloxane (PDMS). To stop PDMS enveloping the moving part, a template structure supporting the moving part by means of a cylindrical thin film support was used, thereby allowing the part to be extracted from the PDMS die. After mould release, and with the PDMS die flexed, photopolymerisable resin is selectively injected into the cavity within the moving part, and the moving part is hardened by exposure to ultraviolet light. The moving part, bound to a shaft, can then be replicated by extraction from the PDMS die. In practice, the method has been successful in replicating microgears, tweezers and other moving parts [31] ( Figure 6 ). This transfer moulding technique offers the prospect of mass producing high functionality lab on a chip devices with a plurality of on-board micropumps and valves, as well as various other micro machines.
Development of metallised micromachines by electro less plating
The optically driven micromachines previously developed had all been transparent resin structures moulded from photopolymerisable resin. Transparent resin structures of this kind, captured at the focal point of the laser beam by optical tweezer technology, could be driven with complete freedom. However, driving the micromachines in this way required a high power laser with an output of around 1 W. We therefore studied the prospect for increasing the driving force by coating the surface of the resin structure fabricated by two-photon stereo lithography with metal, using electroless plating [19, 20] . All the laser light otherwise transmitted through the moving part is reflected when the part has been metallised, and a large repulsive force therefore acts on the moving part. The repulsive force can then be utilised to drive the micromachine with great efficiency. Figure 7 shows an example of an experimental metallised microrotor. Figure 7a is an electron micrograph of a microrotor with resin anchors, fabricated by twophoton stereolithography. The metallised microrotor is con structed by first subjecting the anchored rotor to electroless copper plating and then removing the anchors by laser ablation. Figure 7b is an optical micrograph of the metallised rotor after removal of the anchors. The anchors have clearly been removed without damaging the rotor vanes. In practice, we have successfully driven metallised micromachines fabricated by this technique with an He-Ne laser beam as weak as 1 mW [19] . Hybrid technology of this kind that marries two-photon stereolithography and electroless plating should find wide-ranging application as a fabrication technique for many functional structures besides micromachines, including three-dimensional electronic components [18] .
CREATION OF FUNCTIONAL STRUCTURES FROM CERAMICS
The studies reviewed thus far have used photopolymerisable resin or post-processed resin as the material from which the ultimate functional structure is constructed. An inherent problem has hence been that the properties of the functional structure are heavily dependent on the photopolymerisable resin starting material. We have therefore been tackling the development of moulding techniques that allow three-dimensional microstructures to be fabricated from various kinds of ceramic material, free (Figure 8 ) [20] . Thus, a resin mould is made by laser lithography, a concentrated slurry of ceramic micro particles is injected into the mould, and the slurry is dried out. A ceramic structure inverting the shape of the mould is formed by removing the resin mould by pyrolysis and then sintering.
We have so far succeeded in fabricating a transparent fluid microcircuit by this method using a concentrated slurry of silica microparticles (mean particle size 340 nm) [21, 22] . Figure 9 shows a resin mould fabricated by two-photon stereolithography and the silica microchannel produced on burning off the resin mould. Use of this technique thus enables construction of fluid micro circuits inverting the shape of the resin mould fabricated by two-photon stereolithography.
Using bioceramics, scaffolds for the regeneration of teeth and bone can by fabricated by the same technique. Figure 10 shows a model of an ossicle made from bioceramic (b-tricalcium phosphate) using as the mould a resin model fabricated by microstereolithography with ultraviolet laser rather than two-photon stereolitho graphy [23] . Since the geometry of the final product can be defined by the resin mould, monolithic moulding of a complex ceramic structure is possible without postprocessing. Application to tailor-made medicine can be envisaged for bioceramic structures of this kind fabricated from 3D CAD models.
We have also recently tackled the development of energy harvesters of spiral geometry using piezoceramics ( Figure 11 ) [24] . Most existing energy harvesters using piezo ceramics have been two-dimensional cantilever beam structures and have only been able to make use of unidirectional vibration energy; however, spiral piezoelements can convert vibration energy in three dimensions to electrical energy and would therefore be expected to improve scavenging efficiency. Further enhancement in scavenging efficiency should be forthcoming through optimisation of the piezo-element geometry and electrode configuration.
CONCLUSIONS
Advances in two-photon stereolithography were reviewed here along with the latest research findings, primarily from studies by the author and co-workers on the fabrication of functional devices using threedimensional ceramic moulding technology. We anticipate that photopolymerisable resins with novel functions will undergo intensive development, and that threedimensional functional devices with added functions such as electrodes, sensors and actuators will be created by amalgamating post-treatment with additive processing. The ceramic moulding technology we have proposed and developed makes it possible to form highly functional ceramic structures using resin moulds of complex three- T/13 dimensional geometry with a great variety of ceramic materials as casting material. Two-photon stereolithography and three-dimensional ceramic mould technology should find growing application across a range of fields including photonics, medicine, and sustainable energy.
